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In the lower panels of Figure 2, we show the electron
density profiles in absolute terms, without scaling for
the evolving critical density of the Universe (ρcrit) or to
the evolving (and mass dependent) scale radius (R500).
These plots highlight what is physically happening to
the cluster, and help to clarify the origin of the evolv-
ing profiles shown in the upper panels of Figure 2, or
in McDonald et al. (2013). In the centers of clusters
(r ∼ 10kpc), at all redshifts, the median electron density
is ∼0.01 cm−3, with a measured scatter across 5 red-
shift bins of only ∼10%. From this common point at the
center, the high-z cluster profiles have a shallower inner
slope and a steeper outer slope than their low-z counter-
parts. Likewise, the average profiles have a very small
scatter (<20%) in central densities over 0 < z < 1.9.
Given that, over the same redshift range, the critical
density of the Universe changes by a factor of >5, it
is unsurprising that the central values of ρg/ρcrit show
such a strong evolution (upper panels).

3.1.1. Deviations from Self Similarity

In the previous section we claim, qualitatively, that
the ICM density profile is self similar at large radii, con-
sistent with many previous works (e.g., Vikhlinin et al.
2006; Croston et al. 2008; Mantz et al. 2015, 2016). Here,
we attempt to quantify this degree of self similarity for
the full sample of clusters shown in Figure 1. We de-
fine 20 radial bins (in terms of r/R500; see §2.3.1), mea-
suring the gas density in each radial bin for each clus-
ter in our sample. We then fit a function of the form
ne(r/R500) ∝ E(z)C within each radial bin, determin-
ing the redshift dependence of the density profile at that
radius. If the gas density profile evolves self similarly,
then it should evolve like ρcrit, which scales like E(z)2.
In Figure 3 we show how C scales with radius. We find
that, at r ! 0.2R500, the density profiles are fully consis-
tent (at the 1σ level) with self similar evolution (C = 2).
This is consistent with simulations (see e.g., Kravtsov &
Borgani 2012), with data from other surveys (see e.g.,
Mantz et al. 2016), and with the general intuition that
gravity is the dominant physics at these radii. The large
uncertainty in the measurement of C at r > R500 is a
result of the background emission dominating by a sub-
stantial margin at these radii, leading to relatively large
systematic uncertainties in the gas density measurement.
At small radii (r < 0.2R500), the measured value of

C decreases, from C = 2 at r = 0.2R500 to C ∼ 0 at
r ∼ 0.01R500. This implies a breaking of self similarity
in dense cluster cores, where other baryonic physics phe-
nomena (i.e., stellar feedback, AGN feedback, cooling,
sloshing, etc) are important. At the centers of clusters,
we find no evidence for redshift dependence on the ICM
density (C = 0.1± 0.5), which is akin to the unevolving
entropy in cluster cores that we reported in McDonald
et al. (2013). If this result is interpreted as AGN feed-
back regulating the inner density profile and balancing
the multiphase condensation in an inside-out way (e.g.,
Gaspari et al. 2014; Voit et al. 2015), then it implies that
the impact of AGN feedback is confined to r " 0.2R500.
While it has long been understood that the density

cusps of cool core clusters represent a likely deviation
from self similar evolution, we have now directly shown
that this is the case using ICM density profiles for clusters
spanning 0 < z < 1.9. We find no evidence that the cores

Fig. 3.— Degree to which the radial ICM density profile evolves
as a function of redshift. We assume an evolution of ne(r/R500) ∝
E(z)C , with values of C = 0 and C = 2 representing no evolution
and self similar evolution, respectively. Shaded dark and light re-
gions correspond to 1σ and 2σ confidence intervals, respectively.
This figure demonstrates that, at the centers of clusters, there is
no dependence of the gas density on the cluster redshift, while at
r ! 0.2R500 the evolution is fully consistent with the self similar
expectation. This result supports a picture in which the evolu-
tion of the core is dictated by local processes (e.g., AGN feedback,
stellar feedback, cooling), while the large-scale gas distribution is
dictated by gravity.

of clusters evolve self similarly, with self similar evolution
being ruled out at >3σ confidence.

3.1.2. Cool Core Evolution

In Figure 4, we examine the evolution of the core ICM
density more closely, showing the individually-measured
central (r < 0.012R500) densities for all of the clusters
considered in this work. For this figure, we define the
cluster center in two ways, as described in §2.2: the peak
of the X-ray emission, and the large-scale centroid. We
find no measurable evolution in the mean, maximum, or
minimum central densities over the full redshift range
explored here, independent of the choice of centering
method. We note that the centering choice for the clus-
ters from Vikhlinin et al. (2009) is slightly different than
ours, such that it matches the “peak” selection for re-
laxed clusters, and the “centroid” selection for disturbed
clusters. As such, it is best compared to the maximum
peak density, and the minimum centroid density. With
the exception of the Phoenix cluster at z = 0.597 (Mc-
Donald et al. 2012), there is a fairly consistent maximum
central density of ne,0 ∼ 0.08 cm−3, and a fairly consis-
tent minimum density of ∼0.003 cm−3. Assuming av-
erage core temperatures of ∼5 keV, these maxima and
minima correspond to central cooling times of 0.5Gyr
and 11.2Gyr, respectively. The lack of evolution in the
distribution of central densities (and, by extension, cool-
ing times) suggests that the fraction of cool cores, and the
properties of these cores, is relatively stable over the red-
shift range covered (see also Vikhlinin et al. 2007; Santos
et al. 2008, 2010; McDonald et al. 2013). If there were a
higher or lower fraction of cool/non-cool cores at high-z
than at low-z, we would expect this to manifest in the

McDonald et al. 2017
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Figure 9. Combined GGM-filtered of the Perseus cluster, adding maps with s = 1 to 32 pixels with radial weighting.

comes from the cluster profile is significantly reduced. The image
shows the structure from the inner shock out to the large scale spiral
using a single filtering scale.

A disadvantage of the technique is that the value becomes
noisy where the count rate is low in the outskirts. When the gra-
dient of a non-logarithmic X-ray image is computed, the pixels
with low number of counts typically are in regions with low ab-
solute gradients and so the noise on the gradient is low compared
to the gradient value in the centre where the counts rate are high.
However, using a logarithmic image the gradient in the outskirts is

similar to the value in the centre. As the count rate in the outskirts is
lower, the scatter in the value is higher. This noise can be seen in the
north-east and south-west parts of Fig. 14, where the observation is
shallower and the cluster fainter.

Logarithmic gradient images are therefore likely preferred if
there is a sufficiently high count rate across the region of interest
so that the gradient can be measured to a high fractional accuracy.
However, this criterion is unlikely to be met using typical photon-
starved observations with Chandra except in the core region or us-
ing large spatial scales.
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Figure 10. Combined GGM-filtered of M 87, adding maps with s = 1 to 32 pixels with radial weighting.

3.7 Finding shocks

As pointed out by Forman et al. (2007), between temperatures of
around 1 and 3 keV the Chandra 3.5 to 7.5 keV band count rate
is approximately proportional to the pressure-squared integrated
along the line of sight. Therefore, by gradient filtering such im-
ages, we are able to detect pressure discontinuities and shocks in
clusters.

Fig. 15 shows filtered images from scales of 4 to 32 pixels of
M 87 in this hard X-ray band. In the centre is an egg-shaped region
previously identified by Young et al. (2002), marked by A in the
4 and 8 scale maps. This is likely a high pressure region created
by the current AGN outburst. Surrounding this feature is a second
edge in pressure (labelled B), seen clearly in the 8 map and at lower
significance in the 4 map. At a radius of 13 kpc is the clearest shock
(labelled C and D), believed to be driven by an earlier AGN episode
approximately 14 Myr ago (Forman et al. 2007). Spectral fitting
shows it to have a Mach number of 1.25 (Million et al. 2010).

The most interesting aspect of this image, in agreement with
the full band image and filtered image, is that the 13 kpc shock is
not a complete circle, but breaks up into multiple edges (C, D and
E), with a further edge at lower surface brightness levels (F). Edges
F and G are stronger than the noise at the same radius and can be
seen in the unfiltered image. F lies at the edge of the south-west
radio plume. The splitting up of the C, D, and E structure may be
due to varying temperature structure along the line of sight, affect-
ing the sound speed. Alternatively there could have been multiple
outbursts.

In the Perseus cluster the intracluster medium is too hot for
these hard-band images to be solely sensitive to pressure variations.
However, in the central region around the inner cavities the 2.7 to
4 keV temperatures are close to the preferred range. Fig. 16 shows
a filtered hard X-ray image of Perseus (combining three different
scales), overlaying the radio emission. The image highlights the
jumps in pressure at the edge of the shocks surrounding the inner
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X-RAY AGN IN ABELL 85 & ABELL 754 15

FIG. 10.— (Left) The fraction of MR < −20 galaxies with X-ray AGN,
fA, versus cluster velocity dispersion in the cluster sample from Table 3. The
dotted line indicates the fraction summing over all MR < −20 galaxies in the
sample. (Right) Values of fA summing over galaxies in clusters with veloc-
ity dispersions under and over 500kms−1 are indicated with large symbols.
The clusters with the lowest velocity dispersion have the highest fractions,
consistent with a preference for X-ray AGN in the regions with a group-like
environments from the Abell 901/902 supercluster (Gilmour et al. 2007).

but with smaller confidence intervals. We note that the in-
creased spatial coverage provided by the clusters in this pa-
per also provides a better match to the more distant clusters,
which are sampled out to their projected r200.

5.2. AGN Fraction and Velocity Dispersion
The lack of a radial dependence of X-ray AGN fraction

in our sample may be due to the true absence of a trend
or the masking of the expected increasing trend with radius
by several other factors, including our increased sensitivity
to AGN in massive galaxies, which tend to lie in cluster
cores, and the significant population of known low-luminosity
AGN/LINERs in early-type galaxies, which are also more nu-
merous in cluster cores. Any trend might also have been di-
luted by our averaging over any substructures at a given ra-
dius. With better AGN statistics, it may be possible to con-
sider whether the AGN fraction increases in group-like sub-
structures in the cluster relative to the cluster core, a truer test
of the hypothesis that mergers drive AGN today. For now,
we employ another test of the effect of environment on AGN
fraction and thus of the merger scenario: is there a change
in X-ray AGN fraction as the velocity dispersions of clusters
increase?
We display fA(MR < −20;LX ,B > 1041) as a function of clus-

ter velocity-dispersion for our z! 0.08 cluster sample in Fig-
ure 10. In our sample, comparing the AGN fraction of each
cluster to the cluster-averaged AGN fraction does not indicate
a strong variation. However, we find a correlation between
AGN fraction and velocity dispersion. Clusters with lower ve-
locity dispersion have larger fA(MR < −20;LX ,B > 1041) in our
data. In particular, the two clusters with the highest AGN frac-
tion, Abell 89B and Abell 3125 have velocity dispersions of
∼ 500kms−1, more typical of rich groups. In the right panel of
Figure 10, we compare the combined fractions of the two low
velocity dispersion clusters, fA(MR < −20;LX ,B > 1041;σ <
500) = 0.100+0.062−0.043, to the four higher velocity dispersion clus-
ters, fA(MR < −20;LX ,B > 1041;σ > 500) = 0.026+0.010−0.008. Using
the binomial theorem to calculate the confidence intervals on
the fractions (e.g., Gehrels 1986), we find that the probabil-
ity the two above fractions overlap is very small, ∼ 0.3%.
However, this could overestimate the significance of the re-

sult as there are fifteen different combinations of two cluster
groups we could make from our cluster sample. Therefore,
we conservatively estimate that the AGN fraction is higher
in lower velocity dispersion clusters at the ∼ 95% confidence
level. A similar trend appears in the Abell 901/902 super-
cluster Gilmour et al. (2007). There, X-ray AGN prefer to
be in regions with group-like environments (mainly based on
galaxy density), as compared to field-like or cluster-like envi-
ronments. An anticorrelation between optical AGN fraction
and velocity dispersion (Popesso & Biviano 2006) and a cor-
relation between radio AGN fraction and larger environmen-
tal densities (Best et al. 2005) have also been observed. We
do not expect that this result is sensitive to the varying ra-
dial coverage between individual clusters. First, we found no
radial dependence in the AGN fraction at these luminosities.
Second, the discrepancy between the fractions is even more
significant if we exclude Abell 644 and Abell 3128, the two
clusters with the least complete radial coverage.
Smaller X-ray AGN fractions than that found in our low

velocity dispersion clusters are measured in less dense en-
vironments. Shen et al. (2007) only found one X-ray AGN
(out of 50 MR < −20 galaxies) in a sample of eight z ∼ 0.06
poor groups (σ < 500kms−1), fA(MR < −20;LX ,B > 1041) =
0.020+0.044−0.017, where the majority of these groups had smaller
velocity dispersion than Abell 89B and Abell 3125. The
X-ray AGN fraction of early-type field galaxies in the Ex-
tended Chandra Deep Field-South has also been measured
(Lehmer et al. 2007). They find fA(MR < −20;LX ,B > 1041) =
0.066+0.034−0.024 (B. Lehmer 2006, private communication). We
note that the X-ray AGN fraction for all MR < −20 galax-
ies drops by a factor of ∼ 2 compared to the fraction for
just early-type galaxies in nearby clusters (T. Arnold et al.,
in preparation). Since late-type galaxies are more prevalent
in the field than in clusters, one expects the field X-ray AGN
fraction for all galaxies to drop more rapidly compared to the
∼ 7% measured for early-type galaxies.
We note that any additional obscuration associated with

gas-rich galaxies will be more prevalent where the fraction
of late-type galaxies is higher. The effect of missing AGN
due to obscuration will be strongest in the field and weakest
in the highest velocity dispersion clusters. Thus, obscuration
is unlikely to explain the apparent prevalence of X-ray AGN
in rich groups and poor clusters.
The likelihood of galaxy mergers increases with increasing

galaxy density and decreasing relative velocity. Compared to
poor groups and the field, the galaxy densities of rich groups
are higher. Compared to galaxies in clusters, the relative ve-
locities of galaxies in rich groups are lower. Thus, it is not sur-
prising that AGN may form preferentially in group-like envi-
ronments. A larger sample of groups and clusters, particularly
those with velocity dispersions of poor clusters or rich groups
at σ ∼ 500km/s, are needed to determine the preferred envi-
ronment for AGN and use this information to determine how
they are fueled. Larger datasets of comparably selected X-ray
AGN in the field would also be valuable.

6. CONCLUSIONS
To better understand the factors that may drive the evolution

of AGN today, we measure the AGN fraction in a new sample
of nearby rich clusters, compare it to more distant samples,
and examine how it varies with environment. We present new
wide-field Chandra Observations of AGN in Abell 85 and
Abell 754. Seventeen X-ray sources associated with galax-
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Fig. 2. Biweight-average values of fAGN in several bins of
σv for the PBBR (open symbols) and the C4 (filled sym-
bols) samples. The solid line displays the relation fAGN =
1.25 K(u) + 0.145, where K(u) is the merging rate func-
tion derived by Mamon (1992), with u = 5.4σ0/(2 σv), and
σ0 = 160 km s−1.

Fig. 3. The relation between f[OII] (top panel) and fSF

(bottom panel) and σv for the sample of 26 clusters in com-
mon between P06’s and our samples. The solid line shows
the relation of P06 (see their eq. (3)). 1-σ error bars are
shown.

rate function derived by Mamon (1992), which scales as σ−3
v

for high, cluster-like values of σv. We take σ0 = 160 km s−1

as typical of the Mr
>∼ −20.0 galaxies in our sample (we use

the absolute magnitude vs. σ0 relation of Ziegler & Bender
1997). Such a relation, with C = 1.25, B = 0.145, provides
an acceptable fit to the biweight-average values of fAGN in
several σv-bins both for the PBBR (χ2 = 6.0 for 3 degrees
of freedom, dof hereafter) and the C4 sample (χ2 = 10.2 for
6 dof; see Figure 2; see Beers et al. 1990 for the definition of
the biweight-average statistics). On the other hand a con-
stant fAGN model is rejected (PBBR sample: χ2 = 10.2
for 4 dof; C4 sample: χ2 = 18.4 for 7 dof). We discuss the
physical interpretation of this relation in Sect. 4.

4. Discussion & conclusions

We have discovered a significant anti-correlation between
fAGN and σv in two samples of nearby galaxy clusters.
Such an anti-correlation is naturally expected if the forma-
tion and/or fueling of AGNs is related to the galaxy-galaxy
merging process (see, e.g., Veilleux et al. 2002; S05), since
mergers of galaxies are impossible if the galaxy relative ve-
locities are high, as in rich galaxy clusters.

The AGN fraction appears to be proportional to the
merger rate in galaxy systems (as determined theoretically
by Mamon 1992), plus a constant (see Figure 2). The pro-
portionality between fAGN and the merger rate of cluster
(or group) galaxies is expected if galaxy-galaxy mergers
increase the accretion rate of the central black hole (and
hence the AGN luminosity) over a time-scale similar to the
merger time-scale, as shown by the simulations of S05.

Why then is fAGN not zero for the highest-σv clusters?
Even if the selected clusters in our sample do not show sig-
nificant evidence for subclustering, it is possible that most
still contain undetected subclusters, characterized by rather
low, group-like values of σv. Moreover, even if we have se-
lected cluster members in projected phase-space, this does
not eliminate completely the contamination by field galax-
ies, which Biviano et al. (2006) estimate to be 17%. Hence
a substantial fraction of the galaxies in our cluster samples
could reside in unidentified subclusters or in the field. If
fAGN in subclusters is as high as that in compact groups
(Coziol et al. 2000, 2004; Turner et al. 2001; Tovmassian et
al. 2006) and if fAGN is higher in the field than in clusters
(see discussion below), this could explain why the asymp-
totic value of fAGN in high-σv clusters is not zero.

Concerning the issue of whether fAGN in clusters is
lower than fAGN in the field, the result clearly depends
on the selection of the cluster sample. We find an average
fAGN of 0.18 ± 0.02 for our clusters, and this is value is
consistent with the lower limit obtained for the AGN frac-
tion in the field, fAGN > 0.20 (Ho et al. 1997; Carter et
al. 2001; Kauffmann et al. 2003; Miller et al. 2003; B04;
Stasińska et al. 2006). On the other hand, clusters with
σv ≥ 500 km s−1 have an average fAGN of 0.14± 0.01, sig-
nificantly lower than the field value. Our cluster AGN frac-
tion is higher than previously reported values (Gisler 1978;
Dressler et al. 1985, 1999; Hill & Oegerle 1993; Biviano et
al. 1997; Rines et al. 2005; Martini et al. 2006), but our es-
timate includes low-luminosity AGNs which were probably
missed in the previous studies.

The fAGN -σv anti-correlation is not inconsistent with
the lack of a correlation between fAGN and the galaxy num-
ber density (Miller et al. 2003). We may in fact note that
the merger rate has an inverse cubic dependence on σv, but
only a linear dependence on the galaxy number density. If
the AGN phenomenon is indeed triggered by galaxy-galaxy
mergers, the dependence of the AGN fraction on the sys-
tem σv must be easier to detect than the dependence on
the density of the environment.

Our fAGN -σv plot of Figure 2 is very similar to Fig. 6
in Poggianti et al. (2006, P06 hereafter), where the fraction
of cluster members with EW(OII) < −3 (f[OII] hereafter)
is plotted as a function of the cluster σv for a sample of 28
Abell clusters with SDSS spectroscopic data. The decreas-
ing trend of f[OII] with increasing σv was interpreted by
P06 in terms of a decreasing fraction of star-forming galax-
ies with increasing σv. Their conclusion assumes that the

(a)

(b) (c)

Figure 7. Posterior confidence intervals for model parameters. Top: The 1-dimensional posterior probability distribution for ζ in Model 2, where ζ is the

only model parameter that is not fixed to its null value of 0. The null hypothesis of ζ = 0 (denoted by the dashed vertical line) can be rejected at > 99.9%

confidence. Bottom Left: The two-dimensional confidence contours (68.3% & 95.4%) for Model 2, where ζ and βm are both free parameters. The null

hypotheses of βm, ζ = 0 are denoted by the dashed lines. This model provides a consistent value for ζ as Model 2 and demonstrates that the mass dependence

of Model 2 is inconsistent with arising from a mass-dependence in the spatial distribution of the cluster AGN. Bottom Right: The two-dimensional confidence

contours (68.3% & 95.4%) for Model 3, where ζ and η are free parameters. The null hypotheses of η, ζ = 0 are denoted by the dashed lines. This model

provides a consistent value for ζ as Models 1 and 2 and demonstrates that the mass dependent scaling factor we observe is inconsistent with a model with a

redshift dependence beyond the expected field evolution.

X-ray AGN we selected three control galaxies with similar optical

magnitudes and clustercentric distances to the X-ray AGN. We then

produced postage stamp images of the 5′′ radius surrounding each

galaxy in both the AGN and control sample, utilizing up to three

filters of imaging data for each galaxy when available. The postage

stamp Hubble images for all 23 X-ray AGN can be found in Figure

8. Information about the filters and source positions are given in

Table 5.

Galaxy morphologies were determined visually to fall into one

of the following classes: 1) Disturbed galaxies which have clear

signatures of disruptions from mergers such as tidal tails; 2) Undis-

turbed galaxies with no apparent disruptions; 3) Nearby Neigh-

bor galaxies which, while not having evidence for major disrup-

tions, are sufficiently near to other galaxies to suggest an imminent

merger; 4) Stellar galaxies whose morphologies could not be dis-

tinguished from a point source; or 5) Empty images where the host

Elhert et al. 2015 Sivakoff et al. 2008 Popesso & Biviano 2006

See also Poggianti et al. 2006; Koulouridis et al. 2018…  

Cluster X-ray AGN number densities have been shown to have some cluster mass 
dependence as have optical AGN.

WHAT DO WE KNOW?

No halo 
mass 

evolution
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Quantitatively how do AGN depend on host cluster and host galaxy properties?

WHAT DO WE WANT TO KNOW?

Challenging as: 

• Most massive clusters are best (easily 
characterized+large variation in ICM density) but lots 
of clusters would require a large area survey

• AGN and host galaxy properties are diverse

• AGN are rare in clusters yet abundant in background 
and spectroscopically identifying them is expensive

• For X-ray AGN cluster itself presents a challenging 
background
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Figure 5. prob no source and surce extent

– A further special case occurs for AGN sources
close to the peak of the X-ray emission, often
associated with active brightest cluster galax-
ies (BCGs). In this region we are most prone
to spurious sources due to the rapidly vary-
ing background. We are also very sensitive
to slight sub-pixel shifts in the centroiding
of the source and thus the extent parameter
discussed above is void and not applied. In-
stead, for all sources within 10 arc-seconds
of the X-ray peaks2 which pass our probabil-
ity threshold cut we model the spectra of the
source as absorbed thermal emission and a
powerlaw (no background subtraction is per-
formed). We simultaneously constrain this
fit using the extracted local background spec-
trum which is modeled with just the thermal
emission. We then perform a likelihood ratio
test to determine if the powerlaw component
should be accepted or not and whether the
source should be regarded as an AGN detec-
tion.

– H1821+643.

• Crowded sources. ae deals with crowded regions
by iteratively reducing extraction region sizes to
form non- or minimal-overlapping regions. The

2 The peaks are determined by smoothing with a Gaussian func-
tion with a sigma of 10 pixels, after removal of bright AGN, and
identifying the coordinates of the image peaks such that the peak
threshold is at least 70% of the maximum pixel in the smoothed
image. This returns between 1 and 3 local maxima for each of our
clusters.

overlap parameter measures the degree of over-
lap in the extraction region. Despite a high spu-
rious source rate, due to the conservative wavde-
tect parameters, our percentage of overlaps is
extremely low and essentially crowded fields do
not a↵ect our results. We set our overlap limit
In the entire field our overlap percentage is ........
and within 8 arcmins of the cluster centroid our
overlap percentage is ....

• Merging sources. Many of our observations are
multi-OBSID observations. ae includes several
algorithms for discarding observations that are,
for example, highly contaminated extractions or
those that are significantly o↵ axis. We adopt
these conditions for discarding datasets: de-
gree of overlap between sources is greater than
overlap limit= 10%; minimum number of
counts is <3. We then merge the datasets us-
ing the data such that the datasets minimise
prob no source, the position of each source
is then calculated on the remaining datasets using
only those that minimise the source position un-
certainty, finally source photometry is calculated
using only the datasets which optimise the source
signal-to-noise.

• Galactic source contamination. We approach
Galactic source contamination using two meth-
ods; first, we match sources with the GAIA DR2
catalogue and remove those that are associated
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of the source and thus the extent parameter
discussed above is void and not applied. In-
stead, for all sources within 10 arc-seconds
of the X-ray peaks2 which pass our probabil-
ity threshold cut we model the spectra of the
source as absorbed thermal emission and a
powerlaw (no background subtraction is per-
formed). We simultaneously constrain this
fit using the extracted local background spec-
trum which is modeled with just the thermal
emission. We then perform a likelihood ratio
test to determine if the powerlaw component
should be accepted or not and whether the
source should be regarded as an AGN detec-
tion.

– H1821+643.

• Crowded sources. ae deals with crowded regions
by iteratively reducing extraction region sizes to
form non- or minimal-overlapping regions. The

2 The peaks are determined by smoothing with a Gaussian func-
tion with a sigma of 10 pixels, after removal of bright AGN, and
identifying the coordinates of the image peaks such that the peak
threshold is at least 70% of the maximum pixel in the smoothed
image. This returns between 1 and 3 local maxima for each of our
clusters.

overlap parameter measures the degree of over-
lap in the extraction region. Despite a high spu-
rious source rate, due to the conservative wavde-
tect parameters, our percentage of overlaps is
extremely low and essentially crowded fields do
not a↵ect our results. We set our overlap limit
In the entire field our overlap percentage is ........
and within 8 arcmins of the cluster centroid our
overlap percentage is ....

• Merging sources. Many of our observations are
multi-OBSID observations. ae includes several
algorithms for discarding observations that are,
for example, highly contaminated extractions or
those that are significantly o↵ axis. We adopt
these conditions for discarding datasets: de-
gree of overlap between sources is greater than
overlap limit= 10%; minimum number of
counts is <3. We then merge the datasets us-
ing the data such that the datasets minimise
prob no source, the position of each source
is then calculated on the remaining datasets using
only those that minimise the source position un-
certainty, finally source photometry is calculated
using only the datasets which optimise the source
signal-to-noise.

• Galactic source contamination. We approach
Galactic source contamination using two meth-
ods; first, we match sources with the GAIA DR2
catalogue and remove those that are associated



CATS - CLUSTER AGN TOPOGRAPHY SURVEY
• > 25 Ms of Chandra data (~500 clusters), VLA 

FIRST+ATCA, Spitzer+Wise, 293 orbit HST…

• ~40,000 X-ray AGN. ~11,000 radio AGN 
sources (~4,000 point sources, ~7000 
extended)

• Differential analysis of superposition of cluster 
+ field population. Cluster population is split 
into satellites and BCGs.

• ‘No evolution’ means ‘no evolution beyond 
that of the field’ population

Canning et al.; King et al.; Noordeh et al.



WHAT HAVE WE FOUND?
• I will present binned X-ray results but for the radio I will present 

the unbinned full model results
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Figure 6. Left: The number density of cluster member X-ray AGN as a function of cluster mass is shown as black points with poisson
error bars. The black solid curve shows the best fitting model with the grey band highlighting the 1� uncertainty on the fit. The inset
shows the PDF of the mass dependence as described in section 3.1. Right: The cluster AGN fraction is shown in two bins of cluster
mass as black points with poisson error bars. The black solid curve shows the best fitting model (fit to unbinned data) with the grey
band highlighting the 1� uncertainty on the fit. The field AGN fraction is shown in dashed black. The inset shows the PDF of the mass
dependence.

3.2 Local galaxy density

To test whether AGN preferentially lie in over-dense re-
gions within the clusters (for example, within merging sub-
clusters), we compute the projected local galaxy density
⌃10 = 10/A where A is the projected area on the sky that
encloses the 10 nearest galaxies in projection with V < 23.
⌃10 is computed for every spectroscopically confirmed clus-
ter member, both active and inactive, and plotted in fig. 7.
The AGN are plotted in blue with their area proportional
to their X-ray luminosity. We find no significant di↵erence
between the inactive and active cluster galaxy populations.
This result is independent of the V -band magnitude cut ap-
plied.

3.3 AGN in phase-space

We plot the |cz�cz |/�cz vs. r/r500 phase space of our cluster
population in fig. 7 with AGN shown as blue circles with area
proportional to their X-ray luminosity. We find no evidence
for any di↵erence in the phase space distribution of active
and inactive cluster member galaxies.

3.4 Cluster AGN fraction vs. field

Both the cluster and field AGN fractions are plotted as a
function of V-band magnitude limit (Vmax) in fig. 8. All
cluster fractions are for r < 2r500 and corrected for incom-
pleteness both due to X-ray point source detection (see sec-
tion 2.2) and due to slit-packing (see section 2.6). While
the cluster and field are consistent at faint magnitude cuts
(Vmax > 22), the cluster AGN fraction is suppressed relative
to the field in the brightest galaxies. Since we are selecting
a narrow redshift slice 0.35 < z < 0.45 here, this e↵ectively
corresponds to a suppression in the AGN fraction in clusters

for only the most massive galaxies. Furthermore, while the
field AGN fraction increases monotonically with brightness,
the cluster AGN fraction appears to have no dependence on
the host galaxy magnitude.

4 DISCUSSION

The CATS survey aims to answer the questions 1) does AGN
activity depend on environment and if so 2) what drives
this dependence. Our observations of seven massive galaxy
clusters with 0.35 < z < 0.45 have identified a total of six
X-ray AGN as being bonafide, intrinsic cluster members. We
have compared their properties to those of their host clusters
and to an identically selected sample of field AGN from the
COSMOS survey. Below we discuss the implications of our
results on the two questions posited above.

4.1 Does AGN activity depend on environment?

The most significant result in this study is the inverse depen-
dence of the cluster AGN number density on cluster mass,
which scales as ⇠ M

�1.5±0.9 (see fig. 6) suggesting that AGN
activity does indeed depend on environment. This result in
agreement with the ⇠ M

�1.2±0.7 scaling relation found by
Ehlert et al. (2015) in a photometric study of X-ray AGN in
135 high mass clusters at 0.2 < z < 0.9. It also agrees qual-
itatively with the results of Koulouridis et al. (2018) who
looked at the X-ray AGN fraction in 167 poor/intermediate
richness clusters at 0.1 < z < 0.5. While they found no sup-
pression relative to the field in their overall sample, they did
see a suppression of cluster AGN activity when they selected
only the highest mass clusters in their sample.

This mass dependence of the cluster AGN fraction could
help explain some of the di↵erences between results in the

MNRAS 000, 1–11 (2018)
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Figure 6. Left: The number density of cluster member X-ray AGN as a function of cluster mass is shown as black points with poisson
error bars. The black solid curve shows the best fitting model with the grey band highlighting the 1� uncertainty on the fit. The inset
shows the PDF of the mass dependence as described in section 3.1. Right: The cluster AGN fraction is shown in two bins of cluster
mass as black points with poisson error bars. The black solid curve shows the best fitting model (fit to unbinned data) with the grey
band highlighting the 1� uncertainty on the fit. The field AGN fraction is shown in dashed black. The inset shows the PDF of the mass
dependence.

3.2 Local galaxy density

To test whether AGN preferentially lie in over-dense re-
gions within the clusters (for example, within merging sub-
clusters), we compute the projected local galaxy density
⌃10 = 10/A where A is the projected area on the sky that
encloses the 10 nearest galaxies in projection with V < 23.
⌃10 is computed for every spectroscopically confirmed clus-
ter member, both active and inactive, and plotted in fig. 7.
The AGN are plotted in blue with their area proportional
to their X-ray luminosity. We find no significant di↵erence
between the inactive and active cluster galaxy populations.
This result is independent of the V -band magnitude cut ap-
plied.

3.3 AGN in phase-space

We plot the |cz�cz |/�cz vs. r/r500 phase space of our cluster
population in fig. 7 with AGN shown as blue circles with area
proportional to their X-ray luminosity. We find no evidence
for any di↵erence in the phase space distribution of active
and inactive cluster member galaxies.

3.4 Cluster AGN fraction vs. field

Both the cluster and field AGN fractions are plotted as a
function of V-band magnitude limit (Vmax) in fig. 8. All
cluster fractions are for r < 2r500 and corrected for incom-
pleteness both due to X-ray point source detection (see sec-
tion 2.2) and due to slit-packing (see section 2.6). While
the cluster and field are consistent at faint magnitude cuts
(Vmax > 22), the cluster AGN fraction is suppressed relative
to the field in the brightest galaxies. Since we are selecting
a narrow redshift slice 0.35 < z < 0.45 here, this e↵ectively
corresponds to a suppression in the AGN fraction in clusters

for only the most massive galaxies. Furthermore, while the
field AGN fraction increases monotonically with brightness,
the cluster AGN fraction appears to have no dependence on
the host galaxy magnitude.

4 DISCUSSION

The CATS survey aims to answer the questions 1) does AGN
activity depend on environment and if so 2) what drives
this dependence. Our observations of seven massive galaxy
clusters with 0.35 < z < 0.45 have identified a total of six
X-ray AGN as being bonafide, intrinsic cluster members. We
have compared their properties to those of their host clusters
and to an identically selected sample of field AGN from the
COSMOS survey. Below we discuss the implications of our
results on the two questions posited above.

4.1 Does AGN activity depend on environment?

The most significant result in this study is the inverse depen-
dence of the cluster AGN number density on cluster mass,
which scales as ⇠ M

�1.5±0.9 (see fig. 6) suggesting that AGN
activity does indeed depend on environment. This result in
agreement with the ⇠ M

�1.2±0.7 scaling relation found by
Ehlert et al. (2015) in a photometric study of X-ray AGN in
135 high mass clusters at 0.2 < z < 0.9. It also agrees qual-
itatively with the results of Koulouridis et al. (2018) who
looked at the X-ray AGN fraction in 167 poor/intermediate
richness clusters at 0.1 < z < 0.5. While they found no sup-
pression relative to the field in their overall sample, they did
see a suppression of cluster AGN activity when they selected
only the highest mass clusters in their sample.

This mass dependence of the cluster AGN fraction could
help explain some of the di↵erences between results in the

MNRAS 000, 1–11 (2018)



SO FAR… MASS DEPENDENCE… BUT 
• No simple relation: 

Steepness of number 
density v’s cluster mass 
relation is dependent on 
AGN flux.

• Codes now running which 
allow this flexibility.

Canning et al.

X-RAY AGN
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Fig. 8.— Posterior distribution functions for the best fit param-
eters for cluster satellites (blue) and BCGs (red). ↵Z,G,HERG

is only applied to the Gaussian HERGs component and not the
LERGs component, and ↵P,N is only applied to the narrow Gaus-
sian component not the broad Gaussian component. The parame-
ters ↵Z,� and ↵M,G are not included in the final model.

The calculations made by Mamon (1992, 2000) assume
that clusters are relaxed, but our sample is comprised of
a range of dynamical cluster states from relaxed to highly
disturbed. Peakiness of the X-ray surface brightness can
be used a proxy for relaxedness, with peaky clusters be-
ing more likely to be relaxed (Mantz et al. 2015). Taken
at face value, the anti-correlation of satellite number den-
sity and peakiness of ↵P,�=�0.2 ± 0.1 , would indicate
that satellite AGN are more prevalent in disrupted or
even merging clusters.

Disrupted clusters containing many smaller substruc-
tures could have more galaxy-galaxy tidal interactions
and galaxy mergers than relaxed clusters, driving the
enhancement of satellite radio AGN (Vijayaraghavan &
Ricker 2013). Those substructures may also retain their
own gas halo for an extended period of time, fueling
their own central galaxies (Andrade-Santos et al. 2013).
X-ray observations of Coma and Abell 2142 show evi-
dence for surviving coherent substructures in the X-ray
gas (Markevitch et al. 2000; Andrade-Santos et al. 2013).
Interestingly, NGC 4874 is at the center of one of Coma’s
substructures and has a strong radio jet (logL > 23 W
Hz�1) (Andrade-Santos et al. 2013; Reddy & Yun 2004).
However, there is also another strong jet (logL > 23 W

Hz�1) in Coma, NGC 4869, that is a head tail source,
and it is not at center of either of the three main subha-
los (Reddy & Yun 2004). Followup observations of the
radio sources in our survey in other bands and hydro-
dynamical simulations may be able to elucidate whether
mergers, substructure or both are triggering satellite ra-
dio AGN.

6. CONCLUSION

We have improved upon previous analyses to quantify
the radial distribution of radio-mode AGN in clusters.
The di↵erential modeling allows us to characterize the ra-
dial, redshift, peakiness, and cluster mass dependencies
in a well defined sample of 174 clusters. In the satellites,
we find consistent radio AGN number density evolution
with the field, and an anti-correlation with both cluster
mass and peakiness of the X-ray surface brightness pro-
file. In the BCGs we find a strong positive correlation
with cluster peakiness, and a suggestive correlation with
redshift. The satellite number density correlations with
mass and peakiness point to dynamical triggering of the
radio AGN through mergers and tidal interactions. On
the other hand, the fact that the fraction of radio ac-
tive BCGs correlates with peakiness and redshift suggest
that the location of a BCG at the center of a relaxed
cluster potential (and the associated enhanced magnetic
fields and availability of accretable gas supplies) has a
substantial impact on BCG radio AGN activity. Our
findings suggest that both BCG and satellite radio AGN
activity may substantially impact SZE.

This work is supported in part by the U.S. De-
partment of Energy under contract number DE-AC02-
76SF00515 and the NASA ROSES program through
award NNX16AL70G.

APPENDIX A: RADIO SOURCE CATALOG

It is well known that the two-point correlation function
at radio frequencies shows an excess above the expected
galaxy-galaxy clustering signal at scales below < 0.1�

(Cress et al. 1996; Cress & Kamionkowski 1998; Blake &
Wall 2002; Overzier et al. 2003; Lindsay et al. 2014). This
excess is attributed to single sources comprised of mul-
tiple components, like the terminating of hot spots and
compact cores in bi-polar jets (Cress et al. 1996; Cress &
Kamionkowski 1998; Blake & Wall 2002; Overzier et al.
2003; Lindsay et al. 2014). Approximately 10–30% of
sources are thought to be divided into multiple compo-
nents in the FIRST survey (Cress et al. 1996; Overzier
et al. 2003; Ching et al. 2017), which is further supported
by the good agreement between statistical modeling of
these multiple components in the angular two-point cor-
relation analysis by Overzier et al. (2003). Overzier et al.
(2003) assume that a percentage of Fanaro↵-Riley (FR)
II jets are resolved into two component lobes with a par-
ticular radial extent of FR II jets and cosmic evolution
to fit the two-point correlation function.

Though Overzier et al. (2003) are statistically able to
account for the multiple components in their sample,
they can not precisely locate these grouped components,
which is important for our analysis. Some authors have
simply combined all sources within a given aperture, e.g.
⇠ 7200 (Cress et al. 1996; Lindsay et al. 2014; Mingo et al.
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WHAT’S NEXT?

• Full dataset for X-ray, radio and IR AGN.

• Comparison with galaxy population distributions particularly star 
formation.

• Comparison to models of merger rates and environmental processes 
in clusters.



WHAT’S NEXT?

• eROSITA:  superb understanding of low-z halo mass dependence

• Athena:  great statistics on higher redshift (z~1) AGN in clusters

• Lynx:  AGN at the epoch of cluster formation



WHAT’S NEXT?


